Micro-Raman spectroscopy (MRS) is used for the first time to our knowledge to investigate brain hippocampus tissue from Alzheimer's disease (AD) infected rats. In situ Raman analysis of tissue sections provides distinct spectra useful for distinguishing AD from normal state. The biochemical changes of brain hippocampus tissue including the deposit of β-amyloid (Aβ) protein, the increase of cholesterol, and hyperphosphorylated tau are observed through MRS when AD occurs. A more convincing multiRaman criterion based on single Raman peaks, and further in combination with statistical analysis of the entire Raman spectrum, is found capable of classifying brain hippocampus tissues with different pathological features. This study demonstrates the brain hippocampus is an important candidate for considering the early pathological state of AD, and Raman signatures from the brain hippocampus could aid AD diagnosis. In addition, Raman results undoubtedly confirm simultaneous changes of cholesterol and Aβ in the progression of AD.
Introduction
Alzheimer's disease (AD), which is characterized by deposition in the brain of neuritic plaques and neurofibrillary tangles, is a progressive neurodegenerative disorder characterized by memory loss and mental regression [1] . As the most common form of dementia, AD brings a heavy family burden with sufferers, as well as a broad effect on society through its direct and indirect health-care related costs. It is known that AD affects 800,000 in the UK alone, and this figure is predicted to rise to over 1.5 million by 2050 [2] . So more and more social attention has been attracted due to its expansive occurrence.
Until now, no effective technique has accomplished the clinical diagnosis of AD, and patients potentially suffering from AD can only be confirmed and examined postmortem. Imaging techniques including magnetic resonance imaging (MRI) and positron emission tomography (PET) are currently utilized for investigation of AD [3, 4] . However, these potential diagnostic methods of AD depend on a doctor's clinical experience, where subjective factors exist, are not suitable for early diagnosis.
Here, we suggest that Raman spectroscopy (RS) presents a fast and reliable method for the characterization of brain disease tissue. The Raman effect is an inelastic light scattering process whereby a very small proportion of the incident photons are scattered (approximately 1 in 10 8 ) with a wavenumber shifted to lower energies. The difference between the incident and the scattered frequencies corresponds to the vibrational modes of molecules participating in the interaction, which are excited during the scattering process. Raman spectra are depicted by plotting the intensity of the scattered photons as a function of the wavenumber shift [5, 6] . Since the Raman spectra reflect structural and electronic properties of molecules and their surroundings, they can be considered to be "fingerprints" of the specific molecular species; this makes RS very useful also for biomedical applications. Most biological molecules are Raman-active scatterers, and their Raman spectra usually exhibit sharp spectral features that are characteristic for specific molecular information about a given tissue or disease state. In recent years, Raman techniques have been widely applied in the investigation of biomedical issues including cancer diagnosis [7, 8] , characterization of human pterygium tissue [9] , and detection of cells [10, 11] . Examples of cases where RS could be potentially utilized to preliminarily differentiate between normal and AD brain tissues have appeared in succession [12, 13] . All these works focus only on the changes related to the conformation of the β-amyloid protein corresponding to an excrescent shoulder peak at 1670 cm −1 , which should be assigned to amide I vibration of protein with a beta folding structure [14] [15] [16] . Actually, basic medical science claims that, besides the extracellular deposits of β-amyloid (Aβ) peptides derived from the amyloid precursor protein (APP695), the other primary pathological hallmark of AD still includes the neurofibrillary tangles (NFTs) composed of intracellular bundles of hyperphosphorylated tau protein and other components [17] . To our knowledge, no published papers have involved RS characterization of the other pathological hallmarks of AD apart from the Raman signal of β-amyloid protein.
Previous Raman studies have been inclined to directly select brain tissue (e.g., white matter) as an experimental object to probe into molecular changes between normal humans and AD patients. But Deleon's research indicated that pathological changes of the brain mainly presented in the brain hippocampus when the patients were characterized with early symptoms of AD [18] . Therefore in situ Raman analysis of the brain hippocampus could help to explore the pathogenesis of AD and set up novel Raman criteria of AD diagnosis. Herein, we investigate the brain hippocampus for the first time to our knowledge from an AD infected animal model, depicting the spectral differences between the normal and the AD affected hippocampus of rats by confocal micro-Raman spectroscopy. Comparing the Raman data with various pathological attributes, a more convincing multi-Raman criterion is established to sensitively distinguish normal from AD infected rats.
Experiment

A. Tissue Samples and Preparation
To induce AD symptoms, Aβ 25−35 2 μL (5 μg=μL) was injected into the hippocampus CA1 region of the rats, and then they were fed for one week at 37°C [19] . Morris maze tests [20] were then carried out until the onset of AD symptoms, and the rats were sacrificed to fetch the fresh brain hippocampus. The tissue samples were then snap-frozen in liquid nitrogen and stored at −80°C until use. For the control group, an equal amount of normal saline was infused into the same area, and the tissue samples were analyzed by the same process. Aggregately six normal and eight AD infected rats were sacrificed.
B. Raman Spectroscopy Procedure
A Horbia Jobin-Yvon Raman microspectrometer (system HR800, Horbia Jobin-Yvon, Villeneuve d'Ascq, France) was optimized for maximum throughput, detection sensitivity, and fluorescence suppression. For Raman excitation, a semiconductor laser provided a 21 mW excitation light at 785 nm. After attenuation through prisms and filters, the power of the laser exposed on the samples was only about 1 mW, which makes it almost impossible for the laser to lead to degradation of the tissues. Spectra were measured from tissues with a 50× long-working-distance objective [numerical aperture (NA) 0.50, Olympus, Japan], which focused the laser beam into a spot with a diameter of 1:5 μm, and the signal collected through the same lens was integrated for 60 s and measured over a spectral region from 600 to 1800 cm −1 with respect to the excitation wavenumber. The system includes a stigmatic spectrometer with two motorized gratings, of which the 600 grooves=mm grating was used to provide a spectral resolution of about 5 cm −1 at an entrance slit width of 50 μm. Wavenumber position and instrumental response were calibrated using the silicon line at 520 cm −1 . Cryosections (10 μm thick) were placed on CaF 2 slides for Raman investigation. Before the measurement, the brain hippocampus tissue section was placed in air at room temperature and completely thawed. At least five random points from each sample were detected, and the spectra were averaged subsequently.
C. Spectra and Statistical Analysis
The spectral data were exported in the TXT format, and all the procedures, including baseline subtraction, smoothing, difference spectrum, and Gaussian approximation, were processed with Origin 7.0 software. Statistical analysis data techniques were used to describe the Raman spectra due to their complexity. The data were analyzed using principal component analysis (PCA) to extract the principal components and their associated scores. The scores were then fed into the logistic regression (LR) algorithm to determine the parameter equation that best differentiates the AD infected tissues from the normal ones [21] .
Result and Discussion
The above-mentioned approach was applied to preprocessed Raman spectra of brain hippocampus tissue. The background eliminated mean Raman spectra of normal and AD infected brain hippocampus tissues are shown in Fig. 1 . From a visual inspection of the result, it is obvious that the background eliminated spectra preserved well-defined Raman peaks in the 600 to 1800 cm −1 region. From these, height and position could be accessed, which were used to further assess the pathological features of tissue samples. From Fig. 1 are greater for AD infected brain hippocampus tissue than those of normal tissue, and there is a remarkable shoulder peak at 1670 cm −1 . These normalized intensity differences can be viewed more clearly in the difference spectra between normal and AD infected brain hippocampus tissue in Fig. 2 . Mostly the bands correspond to vibrational modes of biomolecules such as proteins, lipids, or nucleic acids, which may be altered in quantity with the extent of brain hippocampus lesions (Fig. 1) . To better understand the molecular basis for the observed Raman spectra of brain tissue, Table 1 lists the wavenumbers and tentative assignments in detail, according to literature data [22] [23] [24] . Thus, distinctive Raman features and intensity differences for normal versus AD infected brain hippocampus tissue can reflect molecular and cellular changes associated with formation of brain lesions. From the difference spectra as shown in Fig. 2 
Generally, the abnormal generation and deposition of β-amyloid protein is a typical pathologic hallmark of AD [25] . From Fig. 2 , we note that the single Raman peak at 1670 cm −1 , which can be attributed to protein with a β-pleated conformation, appears in the amide I vibrational region. The presence of this peak indicates that the conformation of protein has partly changed from α helix to β pleated in AD hippocampus tissue [16] , which demonstrates the Raman peak at 1670 cm −1 as the most authoritative Raman marker for AD. In our study, the brain hippocampus tissues were obtained from an AD rat model that was set up by microinjection of Aβ 25−35 (a type of β-amyloid peptide fragment). Is the significant Raman symbol of Aβ the result of the injection itself or does it come from pathological deposition of AD? It is reasonable to continuously monitor the detailed spectral changes occurring in amide I region with the progress of AD. We attempted to decompose the wide Raman peak (1640 − 1700 cm −1 ) in order to compare the first day's (normal) with the eighth day's (doubtless AD infected) hippocampus tissues after injection. As shown in Fig. 3 , there are several peaks presenting at 1653, 1659, 1663, 1669, 1672, and 1685 cm −1 overlapped in the amide I region for normal tissue, while mainly one peak dominates at 1670 cm −1 for AD infected tissue. Mahadevan-Jansen and the other groups [14, 16] previously reported that the amide I vibration in the region from 1650 to 1665 cm −1 is typical for the α-helix conformation protein. Therefore it was determined that the Raman peak at 1670 cm −1 unquestionably corresponds to the aggregation state of the amyloid protein, that is, the preponderant amount of β-sheet conformation of the protein rather than the injection itself.
In addition, there are three other Raman bands at 1440, 130, and 1065 cm −1 obviously shown in Fig. 2 . These bands are all attributed to cholesterol and fatty acid [23] . Previous studies [2, 26] hardly paid attention to such spectral differences; probably they omitted this point: the relationship between β-amyloid peptide and cholesterol is similar to "molecular fere." Generally, the brain is one of the major organs of cholesterol metabolism and storage, and more than 20% of the total body cholesterol is stored in the brain [23] . The generation and deposition of Aβ is modulated by many factors, and one of the most important factors is cholesterol [27] . Cholesterol clearly bidirectionally modulates β-amyloid precursor protein (APP, which produces Aβ through cleavage) processing in cell culture and animal models: Higher cholesterol content induces more Aβ creation and vice versa. According to the already mentioned assignment of Raman bands, the consistent increases associated with these three bands (1440, 1300, and 1065 cm −1 ) undoubtedly proved that the aggregation of Aβ in brain hippocampus tissue resulted in a significant increase of cholesterol. Actually, cholesterol has already been demonstrated as a hallmark in histopathology for AD patients [28] . We first described here that cholesterol's content highly increased Aβ in AD infected brain hippocampus tissues. As mentioned in the introduction, the primary pathological hallmarks of AD include not only Aβ but also the NFTs composed of intracellular bundles of hyperphosphorylated tau protein. Generally, normal tau protein contains 2 − 3 phosphate radicals in each molecule, while hyperphosphorylated tau protein may contain 5 − 9 phosphate radicals accordingly [17] . Except for the Raman bands associated with Aβ and lipids in Fig. 2 , there is a neglected Raman band at 1088 cm −1 , which should be assigned to PO 2 − stretching vibration, potentially revealing the presence of hyperphosphorylated tau and its accumulation in AD infected hippocampus tissue. In contrast to previous studies [2, 29] , difference spectra between AD infected and normal brain hippocampus tissue (as shown in Fig. 2 ) provides us more abundant spectral information involved in pathological hallmarks in progress of AD, such as Aβ deposition, increase of cholesterol, and increase of slightly hyperphosphorylated tau. The latter two issues are novel topics discussed here for the first time in the region of Raman studies of AD diagnosis. Especially, our Raman results undoubtedly approve the "molecular fere" relationship between cholesterol and Aβ in the progress of AD, which would be very important for screening of cholesteroltargeted anti AD drugs.
Simple but effective diagnostic algorithms have been proposed on the basis of the empirical analysis of Raman spectra in terms of peak intensity or peak intensity ratio measurements and have been applied to a number of organ types [30, 31] . An example is the shoulder Raman peak at 1670 cm −1 that has been used to classify AD infected versus normal tissue in the brain. To identify the AD infected brain tissue with an even higher reliability, the increased intensity of Raman bands associated with cholesterol and hyperphosphorylated tau can be used for data analysis. In view of the wealth of information available in the Raman spectra and the biochemical complexity of brain lesions, a method of analysis that utilizes the entire Raman spectrum rather than only a few peak heights is an optimum method to distinguish between normal and AD infected tissue [29] . Therefore a multivariate statistical analysis (here PCA), which utilizes the entire spectrum and automatically determines the most diagnostically significant features (factors), should improve the efficiency of the tissue analysis and classification. For this, we have applied PCA and LR algorithms on the complete database. The first, second, and third principal components are presented as curves a − c in Fig. 4 . It is clear that components 1 − 3 share most spectral peaks with the difference spectrum in Fig. 2 , which means that almost all of the information of these criteria has been reflected in the three principal components. When the three expressed components fPC 1 ; PC 2 ; PC 3 g were incorporated in a logistic regression analysis, a predictive equation resulted in the best differentiation between the two types of tissues, where, in Eq. (1), p was the predicted probability that a tissue section would be identified as AD infected. A diagnostic rule was set up such that a tissue was identified as normal when p < 0:65 or AD when p > 0:65. Equation (1) was retrospectively applied to the calibration set to evaluate the performance of the diagnostic model. The results indicated that 15 out of 16 AD infected tissues and 43 out of 48 normal tissues were correctly identified, corresponding to 93.8% sensitivity and 89.6% specificity. The derived receiver operating characteristic (ROC) curve [32] [ Fig. 5(a) ] is another measure of the model's capability to distinguish normal and AD infected brain hippocampus tissue. From Fig. 5(b) , it can be seen that these plots provide a visually rapid means to aid in the classification of healthy or diseased status. It can also be seen in Fig. 4 that certain principal components are more likely to provide a greater capability to diagnose disease. When the Raman criteria are simultaneously analyzed by statistical means, as a multi-Raman criterion, it becomes powerful for the spectral diagnoses of AD: 
Conclusion
It is unquestionable that the Raman signature from the brain hippocampus could aid Alzheimer's disease diagnosis, although the access to in situ (or in vivo) detection remains difficult. This work relates the changes occurring not only to the conformation of the β-amyloid protein in the 1670 cm −1 region, but also to a peculiar "molecular fere" relationship between β-amyloid protein and cholesterol, and the hyperphosphorylation of tau protein, which correspond to three Raman criteria based on single Raman peaks and also are in accordance with principal component analysis results. A tentative diagnostic model was developed based on a multi-Raman criterion to classify Raman spectra of brain hippocampus tissues with 93.8% sensitivity and 89.6% specificity. Hence Raman spectroscopy in combination with statistical analysis has the capability to carry out an early, nondestructive diagnosis of AD, both in the laboratory and eventually in a clinical setting. Nevertheless, performing clinical studies still depends on whether we can find another suitable subject to investigate, such as peripheral blood or cerebrospinal fluid (CSF) in the future.
